In Brief
The cryo-EM structure of Pseudomonas aeruginosa T4aP PilQ at 7.4 Å by Koo et al. reveals that the secretin is composed of 14 subunits with C7 symmetry. The structure suggests that the central gate can be displaced to the interior wall without additional conformational changes.
INTRODUCTION
Type IV pili (T4P) are filamentous appendages used by bacteria and archaea for twitching motility (Burrows, 2005; Mattick, 2002; Saiman et al., 1990; Semmler et al., 1999) , biofilm formation (Chiang and Burrows, 2003; O'Toole and Kolter, 1998) , cell-cell interactions (Glessner et al., 1999) , surface adhesion (Saiman et al., 1990; Whitchurch and Mattick, 1994) , and natural competence (Mattick, 2002) . Bacterial pathogens use T4P as virulence factors to mediate host-cell attachment during initiation of infection (Hahn, 1997; Kennan et al., 2001; Lepper et al., 1995; Liu et al., 2001; Merz and So, 2000; Stone and Abu Kwaik, 1998; Thelin and Taylor, 1996; Tobe and Sasakawa, 2002) . The importance of T4P makes them a potential target for the development of antivirulence therapies; however, a better understanding of T4P protein function is required. There are two main subfamilies of T4P, denoted T4aP and T4bP. T4aP are most commonly associated with twitching motility, a surface-associated form of flagellum-independent movement resulting from the repeated extension, adherence, and retraction of pili that move the cell body forward in a grappling hook-like manner.
In Gram-negative bacteria, such as Pseudomonas aeruginosa, a network of interactions between proteins that span the cell envelope is necessary for pilus biogenesis. Cytoplasmic ATPases interact with inner-membrane components to power the polymerization and depolymerization of the pilus fiber during extension and retraction, respectively (Burrows, 2005) . A series of innermembrane, periplasmic, and outer-membrane subcomplexes form a scaffold for passage of the pilus fiber and may transduce signals that lead to switching between extension and retraction phases Chang et al., 2016; Sampaleanu et al., 2009; Tammam et al., 2011 Tammam et al., , 2013 . The retractile forces exerted by the T4P machinery on a single pilus exceed 100 pN (Touhami et al., 2006) , making its molecular motor the strongest characterized to date. The nature of the interactions that allow the T4aP system to withstand such forces while remaining highly dynamic is a topic of intensive investigation.
The outer-membrane subcomplex through which the pilus is extruded is a homomultimer of PilQ, a member of a diverse family of proteins that contain a conserved membrane-embedded secretin domain at their C termini (Brok et al., 1999) . Secretinforming proteins are also found in type 2 and type 3 secretion (T2S and T3S), DNA uptake, and filamentous bacteriophage extrusion systems, where they act as gated outer-membrane channels for proteins, polysaccharides, DNA, and bacteriophages (Burkhardt et al., 2011; Korotkov et al., 2011a) . The N-terminal regions of secretin-forming proteins are highly variable and may contain amidase N-terminal (AMIN) domains, peptidoglycan-binding motifs, a TonB-dependent transduction domain (N0), and one or more KH-like (N1) DNA-binding modules (Koo et al., 2012; Korotkov et al., 2011a; Souza et al., 2011) . P. aeruginosa PilQ contains two N-terminal AMIN domains, an N0 domain, and a single N1 domain, joined to the secretin domain by a poorly conserved linker region. Factors needed for secretin assembly vary within and across systems, but include the Bam outer-membrane protein assembly machinery, chaperones called pilotins, and other accessory factors (Koo et al., 2012; Voulhoux et al., 2003) . In P. aeruginosa, the outer-membrane lipoprotein PilF, composed of multiple tetratricopeptide proteininteraction motifs, is required for both outer-membrane insertion and oligomerization of PilQ (Koo et al., 2008) .
Many secretins are extremely stable protein assemblies that can only be dissociated with high concentrations of chaotropic agents or organic solvents. The structural features that provide secretins with this level of stability remain unclear, as the structures of only periplasmic fragments of secretin-forming proteins have been determined by X-ray crystallography and/or nuclear magnetic resonance spectroscopy (Berry et al., 2012; Korotkov et al., 2011b; Spreter et al., 2009; Tarry et al., 2011; Van der Meeren et al., 2013) . Intact secretins have been characterized only at low resolution by electron microscopy (EM) approaches. The majority of the secretin structures available from T2S and T3S systems have apparent C12 symmetry, suggesting they are composed of 12 monomers. These include Klebsiella oxytoca PulD (Chami et al., 2005; Tosi et al., 2014) and Vibrio cholerae GspD (Reichow et al., 2010) from the T2S system, and P. aeruginosa PscC (Tosi et al., 2014) , Shigella flexneri MxiD (Hodgkinson et al., 2009) , and Yersinia enterocolitica YscC (Kowal et al., 2013) from the T3S system. The exception is the secretin InvG from the Salmonella typhimurium T3S system, which has C15 symmetry (Schraidt and Marlovits, 2011) . The structures of secretins from the T2S and T3S systems that were determined in isolation form ribbed cylinders with a central internal gate. GspD and YscC each have a second gate on the extracellular face or at the opening of the periplasmic vestibule, respectively. All these secretins are 145-170 Å in diameter, 110-200 Å in height, and have an internal channel diameter ranging from 45 to 110 Å . Some filamentous bacteriophages such as pIV are extruded from their hosts through a secretin pore. The only filamentous bacteriophage secretin structure determined to date (Opalka et al., 2003) has predicted C14 symmetry in addition to a mix of other possible symmetries, and dimensions similar to T2S and T3S secretins.
T4P secretin structures from the thermophile Thermus thermophilus, and the mesophiles Escherichia coli and Neisseria meningitidis, have been determined by negative-stain EM and/or cryoelectron microscopy (cryo-EM). The unusual T. thermophilus T4aP secretin is morphologically similar to the T2S and T3S secretins in the conserved C-terminal region and has a gated vestibule, but is significantly taller at 340 Å , with a series of five stacked rings at its non-conserved N terminus (Burkhardt et al., 2011) . Its predicted symmetry, based on blue native PAGE analysis, is C12. Similar C12 symmetry (possibly a ring of six homodimers of the monomer, BfpB) was reported for the E. coli T4bP bundle-forming pilus secretin, although its overall dimensions were similar to those of T2S and T3S secretins (Lieberman et al., 2012) . In contrast, symmetries of C4 (Collins et al., 2001 (Collins et al., , 2004 , C12 (Berry et al., 2012; Collins et al., 2003) , C14 (Jain et al., 2011; Siewering et al., 2014) , C15 (Jain et al., 2011) , and C19 (Jain et al., 2011) have been reported for the T4aP secretins from Neisseria gonorrhoeae and N. meningitidis, although the secretin monomers from the two species share over 94% identity. This inconsistency in stoichiometry suggests heterogeneity in the assembly, or possibly incorrect determination and application of symmetry operators during image analysis. The absence of internal details and the relatively smooth external topologies of published maps fail to distinguish between these possibilities.
Here, we characterized the P. aeruginosa PilQ T4aP secretin to determine its symmetry and to improve understanding of its function. We purified PilQ secretins directly from P. aeruginosa and analyzed them by cryo-EM. The significantly higher resolution of our class average images and 3D map show that the particle core has unambiguous C7 symmetry with 14 peripheral spokes that alternate in size, precluding classification of the symmetry as C14. The overall shape of the complex resembles that of T2S and T3S system secretins with an internal diameter sufficient for passage of the 6 nm T4aP fiber after displacement of the channel's central gate.
RESULTS
PilQ Secretin Purification and Cryoelectron Microscopy Imaging As we found that P. aeruginosa PilQ does not form secretins when expressed in E. coli, even when PilF is provided, the pilQ gene encoding the full-length protein plus a C-terminal 8xHis purification tag ) was expressed in a P. aeruginosa pilQ mutant Table 1 . The yield was further increased by the incorporation of a second internal 8xHis purification tag between residues P127 and A128, the junction of the two AMIN domains (pilQ 2xHis8 ). The dually tagged PilQ 2xHis8 protein restored T4P function in the mutant strain as per previously established assays . PilQ 2xHis8 secretins were extracted from outer membranes and purified to homogeneity (data not shown).
Imaging of the purified secretin complexes by cryo-EM showed mostly dispersed particles with limited aggregation ( Figure 1A ). Reference-free 2D class averages (Scheres, 2012) , without applied symmetry, showed particles that strongly resembled the size and shape of known secretin structures, giving confidence that the imaged particles were assembled PilQ. ''Ring views'' corresponding to projections of particles along the axis of the channel, ''side views'' with the ribbed barrel and internal central gate, as well as intermediates between the ring and side views were observed in the 2D class averages ( Figure 1B ). Fourteen clear striations projecting inward from the ring view suggested that the core particle had C14 symmetry. Peripheral spokes, similar to those reported for Neisseria T4aP PilQ secretins (Jain et al., 2011; Siewering et al., 2014) , were also observed; however, our data showed the spokes in all the class averages. The peripheral spokes extend outward from the sides of the channel in the same plane as the central gate. In N. gonorrhoeae, seven secretin-associated spokes were observed, which mass spectrometry and subsequent deletion analyses attributed to the peptidoglycan-binding protein, TsaP (Siewering et al., 2014) . Our data showed seven large spokes alternating with seven small spokes, supporting C7 symmetry ( Figure 1B ). Unlike in Neisseria and Myxococcus, deletion of PA0020, which encodes the putative P. aeruginosa TsaP homolog, in either the PAO1 or PAK strains had no effect on T4P expression or function ( Figure S1 ). Particles without the peripheral spokes were also observed in the micrographs. These particles, which may represent damaged assemblies, were excluded from the analysis to favor a reconstruction with as many observed features as possible.
Symmetry in the PilQ secretin complex was analyzed further by calculating a 3D map without applied symmetry and subsequently calculating a rotational correlation function of the map against itself (Goddard et al., 2007 ) ( Figure 1C ). Correlation peaks were observed every $26
(360 /14 ) with higher correlation every $51 (360 /7 ), suggesting C7 symmetry with pseudo-C14 symmetry. Recalculation of the rotational correlation with the peripheral spokes removed by masking showed peaks every $26 with approximately equal magnitude, indicating the core of the PilQ assembly has C14 symmetry and inclusion of the peripheral spokes reduces the particle symmetry to C7. These results agree well with the alternating large and small peripheral spoke pattern observed in the 2D class average side views ( Figure 1B ).
PilQ Secretin Truncation Mutant Characterization
The use of detergents during purification may affect the native fold of a protein. Because PilQ resembled only the minimal region needed for secretin assembly, as determined for T2S and T3S system secretins (Kowal et al., 2013; Tosi et al., 2014) (Figure 1B ), we sought to determine if the N-terminal AMIN and N0 domains were disordered in solution. We showed previously that deletion of the two AMIN domains at the N terminus of PilQ abrogates T4aP function but does not prevent secretin assembly . We deleted the AMIN domains from the pilQ His8 construct and replaced them with an 8xHis purification tag (pilQ D26-280-His8 ). The secretins expressed from this construct were purified using the same methods as described above. Western blots for SDS-resistant multimers showed that PilQ D26-280-2xHis8 assembled into secretins, although fewer were recovered compared with PilQ 2xHis8 (Figure 2A ). Phenol dissociation of the PilQ D26-280-2xHis8 SDS-resistant multimers released PilQ monomers with a molecular weight consistent with removal of residues 26-280 (Figure 2A ). Negative-stain micrographs of full-length and truncated secretins were collected and $1,300 PilQ 2xHis8 and $350 PilQ D26-280-2xHis8 particle images of the side view orientation were selected for analysis by 2D classification ( Figure 2B ). The PilQ 2xHis8 and PilQ D26-280-2xHis8 structures were similar in appearance, indicating that the two AMIN domains in the full-length protein are either poorly ordered in solution or denatured by the detergent during purification.
Structure of the PilQ Secretin
Cryo-EM data were used to calculate a map of the P. aeruginosa PilQ secretin with C7 symmetry applied. The resolution of the map is 7.4 Å , as determined by the Fourier shell correlation value of 0.143 after a gold-standard refinement and correcting for the effects of masking ( Figures 3A and S2A ). Our structure resembles the general shape of T2S and T3S secretins (Kowal et al., 2013; Reichow et al., 2010; Tosi et al., 2014) , but with the addition of central peripheral spokes and significantly more internal detail. Repeating features clearly show the 14-fold internal symmetry corresponding to 14 PilQ subunits although C7 symmetry was applied. The 14-fold symmetry is reduced to C7 symmetry by the alternating pattern of large and small peripheral spokes ( Figures 3B and 3C) . Handedness of the structure could be determined by tilt pair analysis, although the analysis indicates that there are only small differences between the correct map and a map of the opposite hand ( Figure S2B ).
The main barrel of the P. aeruginosa PilQ secretin is a cylinder of 118 Å in height and 110 Å in diameter, with a lip on the extracellular face that has an external diameter of 135 Å (Figure 3 ). The orientation of PilQ within the membrane was determined by comparison with other well-characterized secretins and is supported by the recently published cryo-EM maps of the Myxococcus xanthus and T. thermophilus T4aP machinery (Chang et al., 2016; Gold et al., 2015) . The central peripheral spokes increase the secretin diameter to 170 Å . A large channel passes through the secretin, with a central gate near the outer membrane-periplasm interface. The channel is 80 Å in diameter at the periplasmic side, expanding to 100 Å at the periplasmic gate, and constricting to 68 Å at the extracellular opening. From the periplasmic side, the secretin is double layered, with a thickness of 17 Å , and rises 35 Å to a junction from which the central gate and peripheral spokes extend. The periplasmic side facing outside the channel contains two tubes of contiguous density, which are tilted with respect to the axis of the channel, while the side facing the interior of the channel is less well defined. From the junction, the barrel extends smoothly for 49 Å with a thickness of 5 Å and contains few internal and external surface features before reaching the lip, which extends another 35 Å in two layers that are nearly perpendicular to the axis of the channel. Peripheral spokes that originate from the junction are largely globular in shape. Large and small spokes extend from the surface of the secretin barrel 32 and 26 Å , respectively. Both spokes are 41 Å in the direction parallel to the channel axis and approximately 30 Å in the direction parallel to the membrane surface. At present, it is not clear what part of PilQ these spokes may represent or whether they are accessory proteins.
The central gate that occludes the channel extends sharply upward from the junction for 20 Å before forming a plateau that is 85 Å in diameter and 20 Å thick. Additional densities that continue back in the direction of the periplasm from the center of the gate may represent averaged density from T4P fiber subunits salvaged from the cell or artifacts from symmetry application during 3D reconstruction. Similar uncharacterized densities on the symmetry axis were reported in the Y. enterocolitica T3S YscC secretin structure (Kowal et al., 2013) .
DISCUSSION
While EM has been used for the last 20 years to characterize intact T4P secretins, the interpretation of the resulting data has produced inconsistent models. Variation in the overall topology and stoichiometry of secretin complexes has been reported, both within and between secretin-containing bacterial systems, despite high conservation of the membrane-embedded secretin domain (Figure 4 ). 3D reconstructions of the N. meningitidis T4aP PilQ secretin were proposed to have C4 as well as C12 symmetry (Berry et al., 2012; Collins et al., 2001 Collins et al., , 2003 Collins et al., , 2004 . In contrast, more recent analyses of PilQ secretin 2D images led to suggestions of C14 and C15 symmetries in N. gonorrhoeae and C19 symmetry in N. meningitidis (Jain et al., 2011; Siewering et al., 2014) . Our cryo-EM analysis of the T4P P. aeruginosa PilQ secretion unambiguously showed C7 symmetry with pseudo-C14 symmetry due to inward projecting features from the core and 14 alternating large and small peripheral spokes. Our structure of the P. aeruginosa T4aP secretin strongly resembles the shape of T2S and T3S system secretins, as might be expected from the secretin domain conservation ( Figure 4A ). The structures from N. meningitidis, unexpectedly, share little resemblance to the T2S and T3S secretins. Our data are also consistent with structures of N. meningitidis T4aP secretins in native membranes (Jain et al., 2011) . These data suggest that T4aP secretins from these species are likely composed of 14 subunits. Lower-resolution and staining/sample drying artifacts in early negative-stain experiments, coupled with expectations from studies of secretins in T2S and T3S systems, could lead to application of inappropriate symmetries. Conversely, the differences in symmetry and shape may reflect actual variability in secretin assembly or different functional conformation states. A recent cryo-EM analysis of the M. xanthus T4aP machinery revealed an envelope consistent with 12-fold symmetry, although the resolution was insufficient for unambiguous assignment (Chang et al., 2016) .
The subnanometer resolution obtained in our 3D reconstruction allows us to begin modeling the secretin. Characterization of the PilQ D26-280-2xHis8 construct in addition to the lack of multiple side view class average variants, despite the partial degradation of full-length PilQ (Figure 2A) , indicated that the two AMIN domains are likely disordered in solution. Similarly, the three AMIN domains at the N terminus of the M. xanthus secretin could not be modeled and were considered to lack uniform orientations in vivo (Chang et al., 2016) . Comparison of our structure with that of the minimal region needed for secretin assembly, as defined in the K. oxytoca T2S PulD and P. aeruginosa T3S PscC systems (Chami et al., 2005; Tosi et al., 2014) , further suggests that density for the N0 region may be absent in our structure, and that the periplasmic region likely corresponds to the N1 domain. The two tubes of density that are slightly tilted with respect to the channel axis and the less-defined interior face could correspond to the two a helices and three b strands of the N1 domain, respectively.
The exposed smooth barrel region between the peripheral spokes and below the lip is 25 Å in height and precisely accommodates the thickness of the hydrophobic region of the outer membrane (Wu et al., 2014) , allowing demarcation of the outermembrane boundaries within the PilQ secretin structure. As the membrane-bound region is only 5 Å thick, and based on the predominantly b strand secondary structure predictions for the secretin domain and circular dichroism analysis of the K. oxytoca PulD secretin that showed strong b strand characteristics (Chami et al., 2005) , a model of the membrane-bound region is shown in Figure 4C . Modeling of b strands into the 14 computationally divided segments of the PilQ secretin suggests that four b strands from each PilQ subunit would fit into the available volume. This assembly would form a 56-stranded b barrel. Although the largest single-protein b barrel characterized to date is composed of only 26 b strands (Dong et al., 2014) , large channels such as the type IV secretion outer-membrane complex (Chandran et al., 2009) , the E. coli capsular polysaccharide translocon Wza (Dong et al., 2006) , and the anthrax protective antigen pore (Jiang et al., 2015) are formed by intricate interactions between multiple subunits that each contribute to the membrane-embedded ring-like assemblies.
While many T2S and T3S system secretins autoassemble in vitro without the aid of accessory proteins or pilotins, T4P se- cretins do not (Guilvout et al., 2008; Tosi et al., 2014) . For those secretins that autoassemble, the secretin domain and the preceding N1 domain are necessary and sufficient. For P. aeruginosa PilQ multimerization, both N0 and N1 domains are required . The importance of the N0 domain for stable ring formation was recently confirmed through deletion analysis in the T. thermophilus system (Salzer et al., 2016) . In some systems, including the T4aP system of P. aeruginosa, pilotins are also required to aid in monomer localization and/or assembly in the outer membrane. In T2S and T3S systems, pilotins typically bind the extreme C terminus of secretin subunits (Koo et al., 2012) ; however, the C terminus of PilQ is exposed on the cell exterior (Lieberman et al., 2015) . The binding site for its PilF pilotin has not yet been identified and the exact mechanism of translocation remains unknown .
The N termini of secretins differ significantly among systems, and likely represent the means by which evolution has adapted secretins to specific functions. In P. aeruginosa PilQ, as well as PilQ of Neisseria and Myxococcus (Berry et al., 2012; Chang et al., 2016) , the N terminus is composed of tandem AMIN peptidoglycan-binding domains that are not observed in our structure. AMIN domains are absent in secretins that are not involved in motility, such as in T2S, T3S, and T4bP, or replaced by an oligosaccharide/oligonucleotide-binding motif in the DNA translocon secretin in T. thermophilus. Thus, AMINs may represent dynamic points of attachment that act as anchors for the T4aP system during motility mediated by pilus retraction. The ability for the N-terminal region to remain flexible may be integral to the function of the system, as suggested by recent electron cryotomography studies of the T. thermophilus and M. xanthus T4P systems in both open and closed states in situ (Chang et al., 2016; Gold et al., 2015) .
In some systems, there may be additional modes for attachment of the T4aP machinery to the cell wall. TsaP, which binds to both peptidoglycan and the periphery of the N. meningitidis PilQ secretin, is necessary for T4aP function in some species (Jain et al., 2011) . However, TsaP does not appear to play the same role in P. aeruginosa. We cannot exclude the possibility that the peripheral spokes observed in our structure correspond to TsaP, but elected not to pursue this hypothesis further due to lack of a mutant phenotype ( Figure S1 ). Overall similarity in structure, therefore, does not always explain specific function within the context of the bacterial systems.
The 14-subunit structure of the T4aP P. aeruginosa PilQ secretin has multiple architectural and functional implications for the T4aP system. Based on the structures of secretins determined in the closed and open states, large conformational changes were hypothesized to allow for translocation through the channel. Modeling of the T4aP N. gonorrhoeae pilus into the T4aP P. aeruginosa PilQ secretin shows that the interior diameter could accommodate the pilus without displacement of the interior walls of the secretin barrel ( Figure 4C ). The secretin barrel constricts to 68 Å at the lip region, consistent with the $6 nm T4a pilus. Displacement of the central gate is the main conformational change necessary. After modeling of the pilus fiber into the PilQ secretin, sufficient volume is present to fully accommodate the displaced material along the interior walls of the secretin barrel. Whether the central gate is static or intercalates into the pilus as a ratchet to aid in controlling the rate of pilus extension or retraction through the secretin remains to be determined. The trigger mechanism for opening of the central gate has yet to be established, but it could be forced open by the extending pilus, or opened through a conformational signal transduced to the secretin from its interaction partner network in the T4aP system.
The established interaction between PilQ and the inner-membrane lipoprotein PilP , combined with our structure of the assembled secretin, suggests two possible models for organization of the inner-membrane and cytoplasmic components of the T4P system. A 1:1 interaction between PilP and PilQ would imply that there are 14 copies of the PilMNOP alignment subcomplex at the inner membrane. Alternatively, the C7 symmetry of the peripheral spokes may also translate to minor structural differences in PilQ, such that there is a 1:2 interaction between PilP and PilQ, resulting in seven repeats of PilMNOP subcomplexes, or dimers thereof, at the inner membrane. Hexameric organization of the AAA + ATPases that power T4P extension and retraction (Misic et al., 2010; Satyshur et al., 2007) might suggest a symmetry mismatch with both models. However, a 7:6 symmetry mismatch in protein complexes is not unprecedented; the well-characterized ClpP proteasome, which has 7-fold symmetry, interacts with the 6-fold symmetrical AAA + ATPases ClpA or ClpX to form a functional protein degradation machine (Ortega et al., 2004) .
Our cryo-EM structure and characterization of the P. aeruginosa PilQ secretin highlights significant differences in architecture and assembly requirements between the T4aP (C) Fitting of the N. gonorrhoeae T4aP pilus structure (EMDB: 1236) into the PilQ secretin map. The pilus, secretin, and internal gate region that need to be displaced to allow passage of the pilus are shown in purple, gray, and cyan, respectively. and related secretion systems. These differences likely represent the tailoring of an ancestral secretin to accommodate translocation of specific sets of substrates. Further studies to characterize the stoichiometry between the 14-membered PilQ secretin with the periplasmic and inner-membrane subcomplexes of the T4aP and inherent dynamics of the protein interactions are still necessary to understand T4aP system function.
EXPERIMENTAL PROCEDURES Bacterial Strains and Plasmids
Strains, primers, and plasmids used in this study are listed in Table 1 . pUCP20Gm-based vectors were maintained in mPAO1 pilQ::FRT using 30 mg/mL gentamicin. The round-the-horn method (OpenWetWare-contributors, 2010) was used to incorporate an 8xHis tag at the C terminus of pilQ in the pUCP20Gm-pilQ vector to produce pUCP20Gm-pilQ His8 . To improve PilQ secretin yield, a second 8xHis tag was added between residues P127 and A128 to generate pUCP20Gm-pilQ 2xHis8 . pUCP20Gm-pilQ D26-280-2xHis8 features a replacement of residues 26-280 in pUCP20Gm-pilQ His8 with a second 8xHis.
PilQ Secretin Expression and Purification
Constructs were introduced into mPAO1 pilQ::FRT cells after rinsing three times with water by electroporation at 8 kV/cm with an exponential decay constant of 4 ms. A 10 mL overnight culture, grown at 37 C, was used to inoculate 1 L of Luria-Bertani broth. Eight liters of each construct were grown at 37 C overnight. Cells were harvested by centrifugation (6,317 3 g, 4 C, 20 min) and frozen overnight. Frozen cell pellets were resuspended in 100 mL of 30 mM Tris (pH 8), 20% (w/v) sucrose, 0.5 mg (w/v) of lysozyme, 0.5 mg (w/v) of DNase (Bio Basic), and one SIGMAFAST Protease Inhibitor Cocktail Tablet (Sigma-Aldrich) and incubated on ice for 20 min. Cells were again pelleted by centrifugation (3,842 3 g, 4 C, 20 min) and resuspended in 100 mL of 30 mM Tris (pH 8), 0.5 mg (w/v) of lysozyme, 0.5 mg (w/v) of DNase (Bio Basic), and one SIGMAFAST Protease Inhibitor Cocktail Tablet. The cells were lysed by five passages through an EmulsiFex-C3 (AVESTIN) at 10,000 psi. Centrifugation was used to remove cell debris (2,790 3 g, 4 C, 20 min) and isolate whole membranes (90,000 3 g, 4 C, 90 min). Inner membranes were solubilized by resuspension in 25 mL of 25 mM Tris (pH 8), 2% (v/v) Triton X-100, and 1 mM MgCl 2 for 30 min at room temperature. Outer membranes were isolated by centrifugation (90,000 3 g, 4 C, 90 min). Outer membranes were resuspended in 20 mL of buffer A (30 mM Tris [pH 8], 150 mM NaCl) with 2% (w/v) Anzergent 3-14 (AZ3-14, Anatrace), hand homogenized, and incubated overnight at 4 C on a rocker. Insoluble cell debris was removed by centrifugation (850 3 g, 4 C, 20 min). Solubilized outer membranes were diluted with buffer A to a final AZ3-14 concentration of 0.2% (w/v) and applied to Ni-NTA resin that had been pre-equilibrated with buffer A with 0.02% (w/v) AZ3-14. Non-specifically bound proteins were removed by washing with 50 mL of buffer A with 0.02% (w/v) AZ3-14 and 5 mM imidazole, 50 mL of buffer A with 0.02% (w/v) AZ3-14 and 15 mM imidazole, and 15 mL of buffer A with 0.02% (w/v) AZ3-14 and 50 mM imidazole. Bound protein was eluted with 15 mL of buffer A with 0.02% (w/v) AZ3-14 and 250 mM imidazole. Residual contaminants were removed by size-exclusion chromatography with a Superose 6 gel filtration column (GE Healthcare).
Comparison of PilQ with a D26-280 Truncation Variant by NegativeStain Electron Microscopy
Secretins formed by PilQ 2xHis8 and PilQ D26-280-2xHis8 were compared by western blot analysis and negative-stain EM. Secretins were dissociated using the phenol method described by Wehbi et al. (2011) . Negative-stain EM was performed using procedures described previously (Rubinstein, 2007) with an FEI Tecnai F20 electron microscope equipped with a field emission gun and operating at an accelerating voltage of 200 kV. Images were collected with a Gatan Orius 832 CCD camera, with a pixel size corresponding to 2.12 Å . Particle images were selected and subjected to 2D classification with EMAN2 (Tang et al., 2007) .
Cryoelectron Microscopy and Image Processing EM grids (400 mesh Cu/Rh, Electron Microscopy Sciences) were coated with holey carbon film with 2 mm diameter holes made by microfabrication (Chester et al., 2007; Marr et al., 2014) and overlaid with a thin continuous carbon film. Grids were subjected to glow discharge in air for 30 s before PilQ secretins at 0.03 mg/mL were applied and allowed to adsorb for 2 min at room temperature. Excess protein solution was removed by blotting and the grid was rinsed three times with buffer A with 0.02% (w/v) AZ3-14 and frozen in a 1:1 propane:ethane mixture using a modified Vitrobot (FEI) vitrification robot (Tivol et al., 2008) . Grids were imaged with an FEI Tecnai F20 electron microscope operating at 200 kV. Movies of 30 frames with 2 frames/s were acquired with a Gatan K2 Summit direct detector device camera in counting mode with 5 eÀ/pixel/s. A total of 2,419 movies were collected at defocuses between 0.7 and 4.6 mm. Frames were aligned with alignframes_lmbfgs and averaged. CTFFIND3 (Mindell and Grigorieff, 2003) was used to determine contrast transfer function parameters; 43,206 particles were picked with EMAN2 (Tang et al., 2007) ; a 2% magnification anisotropy was corrected (Zhao et al., 2015) to produce particle images at 1.45 Å /pixel. The 2D classification of particle images and 3D maps calculation were performed with Relion v1.3 (Scheres, 2012) using an initial reference that was generated by cylindrical averaging of the PilQ side view ( Figure 2B ). A total of 6,919 particle images were used to generate the final 3D map, which was sharpened with a B factor of À500 Å 2 . A series of 101 tilt pairs were obtained with the microscope goniometer set at À15 and 15 to determine the correct hand of the structure by the Freehand test (Rosenthal and Henderson, 2003) using the program fastfreehand (https://sites.google. com/site/rubinsteingroup/3-d-fourier-space-v2). Rotational correlation, volumetric analysis, 3D map segmentation, and model fitting were done in UCSF Chimera (Goddard et al., 2007; Pintilie et al., 2010) .
ACCESSION NUMBERS
The EM data has been deposited in the EMDataBank (under accession code EMDB: 8297).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures and two figures and can be found with this article online at http://dx.doi.org/ 10.1016/j.str.2016.08.007.
